Lithium-gadolinium-borate (LGB) dispersed as microcrystals within the plastic scintillator BC-490 is a promising material for accurate neutron dosimetry in mixed n/g fields. Spectral information > 1 MeV is obtained by capture gating proton recoil events in the plastic scintillator to subsequent capture in 6 Li. Below 1 MeV, isolated capture events in either gadolinium or 6 Li give energy information in this region. Discrimination based on capture gating is used to reject false coincidences due to gamma rays or incorrectly gated neutron events. A detailed Monte Carlo model has been created in MCNPX that predicts the energy response of the LGB spectrometer in the capture-gated mode of operation. X-ray microtomography has been performed on the detector in order to obtain the LGB microcrystal distribution within the plastic scintillator, and this is incorporated into the model. The way in which the calculated response functions can be included in an unfolding procedure is outlined.
INTRODUCTION
There is a need to provide accurate neutron spectrometry around nuclear power plants in order to support dosimetry estimates. However, many current survey instruments and dosemeter cannot match the ICRP's neutron fluence-to-dose conversion factors closely over the required energy range. An inorganic scintillator, lithium-gadolinium-borate, Li 6 Gd(BO 3 ) 3 activated with Ce 3þ (LGB) can be combined with a plastic scintillator such as BC-490 in order to produce a capture-gated spectrometer as originally proposed by Czirr et al. (1) . This study has characterised the detector in order to determine its potential for accurate neutron dosimetry.
An incident fast neutron will deposit its energy in the plastic scintillator through multiple collisions with the nuclei of 1 H and 12 C. Provided that the time constant of the collecting circuit is sufficiently long, this will be seen as a single output pulse. The moderated neutron is now likely to be captured by either 6 Li or natural gadolinium, nat Gd. The macroscopic cross-sections show that .0.2 eV neutron capture in 6 Li is most likely whereas below this, capture in nat Gd is more probable.
The capture gating technique is based on observing a prompt proton recoil pulse followed by a 6 Li capture pulse. By selecting only these double pulse events, the full incident neutron energy is more likely to be preserved and this is reflected in a peaked response function around the full neutron energy. Count rate data are obtained from two additional channels covering the energy ranges 0.025-0.2 eV and 0.2 eV-1 MeV.
EXPERIMENTAL SETUP
The detector, (a cylinder of radius 2.54 cm, height 3.05 cm) consists of microcrystals of LGB dispersed within the plastic scintillator BC-490. (10% LGB by weight.) It is coupled to a Burle PMT, type S83019F and a Canberra 2007 tube base. The anode signal is fed directly to a custom built digitizer (Photogenics, USA). Events are analysed by a microcontroller and tagged as a likely fast neutron or capture event based on the pulse width. If a fast event (narrow pulse) is followed within 12.5 ms by a capture event (wide pulse), the double event is transferred to a remote computer via a RS-232 link. These events are then analysed offline in order to perform coincidence discrimination and to reject pile-up pulses.
X-RAY MICROTOMOGRAPHY
The presence of the high atomic number nat Gd within the detector allows the distribution of the LGB microcrystals to be determined by X-ray microtomography. This was conducted using a small focal-spot X-ray tube and a high-resolution complementary metal oxide semiconductor flat panel pixellated detector. Figure 1 shows the raw data obtained for a slice with 512 Â 512 pixels, where each pixel is 125 mm wide. By applying a threshold to this data and using an algorithm based on connectivity, the number of grains is estimated to be 7500.
It is likely that the bias towards one side of the detector is due to the way in which it has been rotated during casting. No variation in the distribution of the grains was observed along the axis of the detector. *Corresponding author: php4dl@surrey.ac.uk
MODELLING OF THE DETECTOR
The detector has been modelled with the Monte Carlo code MCNPX ( Figure 2 ). The MCNPX input file was created with a program written in Cþþ in order to obtain a distribution similar to that seen in the tomographic data. The LGB microcrystals are randomly distributed throughout the volume apart from a bias towards the rim on one side of the detector. The geometry has been segmented in order to reduce the simulation run time.
The simulations were run in analogue mode and the response functions obtained by analysing the PTRAC output file using a custom written computer code.
The code can be used in two ways. Firstly, it can analyse only those histories, which result in capture. This is suitable for simulating ideal monoenergetic neutron response functions. Secondly, it can be used to analyse all histories, which undergo at least one interaction. This enables the more realistic situation to be studied where the effect of false coincidences is a factor. TIME-TO-CAPTURE MEASUREMENT/ GATING TIME An appropriate gating time for the detector can be selected based on time-to-capture measurements conducted with MCNPX. If the gating time is set at too small a value, the efficiency suffers. However, if it is made too long the unwanted contribution from false coincidences becomes significant.
In order to provide some validation of the approach used, the mean capture lifetime for a BC-454 boron loaded plastic scintillator has been compared with that previously reported by Kamykowski (2) . A value of 1.58 ms calculated for 2 MeV neutrons is close to the published value of 1.65 ms.
The time-to-capture for the LGB detector is roughly constant over the 1-10 MeV energy range investigated and has a mean value of 0.65 ms. Figures 3 and 4 show the MCNPX simulated response functions for a 5 and 7.5 MeV monoenergetic neutron fluence incident normally to the front face of the detector. The low-energy peak for the 7.5 MeV irradiation is due to inelastic scattering from 12 C, which gives rise to 4.4 MeV gamma rays. Most of these gamma rays escape the detector body without interacting.
RESPONSE FUNCTIONS/EFFICIENCY
The data of Figure 5 shows the anticipated reduction in efficiency with increasing neutron energy. The increase between 1 and 2 MeV can be attributed to the discrimination threshold set at 1 MeV. Attempting to select only full-energy events results in a markedly lower efficiency than that from a standard proton recoil scintillator. A plastic scintillator (BC-490) of the same dimensions and a bias value of 1 MeV has an intrinsic efficiency of 0.2 for 3 MeV neutrons.
CALIBRATION/RESOLUTION
The LGB digitizer has been calibrated with photon sources and a plastic scintillator (BC-490) of the same dimensions as the LGB detector. This was done to set up a linear scale expressed in MeV electron equivalent (MeVee) for the pulse height spectra. The position of each Compton edge has been determined by fitting an MCNPX calculated spectrum to a measured one using the SPEKT code (3) . The calculated spectrum is folded with a Gaussian resolution function and multiplied by compression/expansion factors in order to obtain a best fit to the measured spectrum ( Figure 6 ). The resolution of the plastic scintillator at 0.477 MeV for 137 Cs is 40%, but improves to 15% at 1.612 MeV for 88 Y.
The LGB detector consists of organic plastic scintillator and inorganic LGB, each having their own electron light output function, L e (E). L e (E) for LGB was measured by casting LGB microcrystals in an optically transparent casting resin having a negligible photon response. The positions of the full-energy peaks for various calibration sources were determined. L e (E) for LGB was found to be approximately double that of the plastic scintillator. This has the effect of adding a small number of large pulses and creating a slightly broader photon response function compared with the pure plastic scintillator.
COINCIDENCE DISCRIMINATION
Pulses from the digitizer box are only minimally screened as possible fast neutron or capture events based on pulse width. Therefore, false coincidences caused by gamma rays and low-energy neutrons must be rejected. This can be achieved by placing a long delay before the onset of the gating period. In this way, the capture pulses will be uncorrelated with the original proton recoil events. However, incorporating a delay is not possible with the current setup and the gating time is fixed at 12.5 ms. The simulated mean time-to-capture of 0.65 ms suggests that the latter portion of the 12.5 ms interval will contain very few true double pulse events. Along with the pulse amplitude information, the time-to-capture for each event is also available. The time-to-capture distribution for a bare Am -Be source is shown in Figure 7 . The distribution is exponential with a flat background due to false coincidence events. The false coincidence spectrum can be subtracted from the true spectrum in the following offline analysis. A time-to-capture interval is chosen so that the majority of true double pulse events fall within this period. An equal time period is selected towards the end of the 12.5 ms gating time, which will contain mainly false coincidence events. The spectrum corresponding to the second time period is subtracted from the first leaving a spectrum of true fast neutron events (Figure 8 ).
UNFOLDING
Since the measured response functions are not sharply peaked around the full neutron energy, it is necessary to use unfolding methods to determine the incident spectra. To achieve this, an accurate response function set needs to be calculated and folded with the detector resolution function. Gd and 6 Li, respectively. In order to determine the ability of the LGB detector to provide spectroscopic information suitable for obtaining neutron dose, the pulse height spectrum needs to be unfolded using a code such as MAXED (4) . However, in order to do so the proton light output function must be accurately determined in a series of monoenergetic neutron irradiations. This light output function is used in the calculation of response functions to accurately determine the light yield for neutron interactions with hydrogen nuclei. The response functions presented in Figures 3 and 4 have been calculated using the light output function obtained by Pozzi et al (5) . for their plastic scintillator BC-420.
CONCLUSIONS
The principal of the LGB capture gating spectrometer has been successfully demonstrated through the modelling of monoenergetic neutron response functions. The peaks around the full incident neutron energy after folding with the detector resolution function are sufficiently narrow to argue that the response functions of the LGB spectrometer contain more information about the incident neutron energy than the rectangular response functions of a pure plastic scintillator. As a possible advantage over other capture-gated scintillators, the LGB spectrometer has two extra energy groups to cover the thermal and intermediate energy range, which can be included in the unfolding procedure. However, its low efficiency may make it unsuitable for routine dose survey measurements.
The efficiency of the detector can be improved by increasing its size. However, LGB is more attenuating than plastic scintillator to the scintillation light. This means any increase in size of the LGB detector will result in a greater loss of resolution than for a corresponding size increase in a pure plastic scintillator. A scintillator size that provides a suitable compromise between efficiency and resolution needs to be chosen. The non-uniform microcrystal distribution is likely to lead to a worse resolution than might otherwise be obtained since the light collection will vary throughout the detector.
